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In Brief
The basal ganglia bi-directionally regulate a population of brainstem glutamatergic neurons that encode features of running behavior. Cell-type-specific control of functionally distinct neuronal subpopulations may represent a more general principle underlying the regulation of motor behavior by basal ganglia.
INTRODUCTION
The ability to move through the environment to obtain energy, escape predators, and reproduce is fundamental for an animal's survival. In vertebrates, phylogenetically conserved brainstem and spinal circuitry mediates the control of axial muscles and limbs that drive locomotion (Garcia-Rill, 1986; Grillner et al., 2005; Orlovsky et al., 1999; Shik et al., 1966a) . In addition, upstream circuitry responsible for deciding when and how to move must be engaged. The basal ganglia (BG) has long been hypothesized to be a key arbitrator of the decision process that results in goal-directed locomotion (Garcia-Rill, 1986; Grillner et al., 2008; Hikosaka et al., 2000) . Canonically, the BG consists of two pathways that separate at the level of the striatum, the main input nucleus of the BG. Striatal medium spiny neurons (MSNs) expressing the dopamine D1 receptor mark the direct pathway (dMSNs) and are proposed to facilitate movement, and MSNs expressing the dopamine D2 and adenosine 2a (A2a) receptor mark the indirect pathway (iMSNs) and are proposed to suppress movement (Albin et al., 1989; DeLong, 1990; Kreitzer and Malenka, 2008) . These pathways re-converge in the substantia nigra pars reticulata (SNr), the primary output nucleus of basal ganglia in rodents, which provides tonic inhibition of downstream structures responsible for the execution of motor programs (Hikosaka et al., 2000) . Recent work from our laboratory has established that optogenetic activation of dMSNs increases locomotion, whereas activation of iMSNs suppresses locomotion (Kravitz et al., 2010) . However, the effect of basal ganglia circuitry on downstream targets controlling locomotion remains unknown.
The BG locomotor command is thought to be relayed to spinal cord central pattern generators through the mesencephalic locomotor region (MLR), a brainstem area first described in 1966 by Shik et al. (1966b) . The MLR is defined functionally as a mesencephalic region in which increasing intensities of electrical stimulation induce a transition from a stationary state to walking and then running with short latencies (Shik et al., 1966a (Shik et al., , 1966b . In mammals, the MLR overlaps with the cuneiform nucleus (Cun), mesencephalic reticular nucleus (MRN), and pedunculopontine tegmental nucleus (PPTg) Ryczko and Dubuc, 2013) . The MLR is comprised of three neurochemically distinct cell types: glutamatergic, GABAergic, and cholinergic (Martinez-Gonzalez et al., 2011) . Although the major cell populations of the MLR give rise to ascending projections into the forebrain that may be relevant for reward, arousal, and cortical state (Ehrich et al., 2014; Grace, 2010; Lee et al., 2014; Thompson and Felsen, 2013) , the control of locomotion appears to be driven through descending outputs because locomotion is intact in decerebrate animals (Bedford et al., 1992; Whelan, 1996) .
Previous work has demonstrated that subsets of neurons in the MLR are correlated with locomotion (Lee et al., 2014; Norton et al., 2011; Thankachan et al., 2012) . However, less is known about the activity of identified MLR glutamate neurons in vivo and whether their activity is actually necessary for locomotion. Moreover, the function of the cholinergic and GABAergic populations during locomotion is not clear. To investigate the locomotor function of MLR cell types and their control by BG circuitry, we combined cell-type-specific optogenetic manipulations, in vivo single-unit recording from identified cells, virus-based circuit mapping, and high-resolution behavioral assays to explore how signals from the BG are transduced into locomotion through the MLR. Our results highlight the functional differences among cell types in the MLR and the remarkable specificity of BG-brainstem projections. In addition to defining the pathway through which BG regulate locomotion, these results provide a more general framework for how BG can initiate or suppress action by specific modulation of neuronal sub-types associated with a motor program.
RESULTS

Identification of the Mouse MLR
To identify the location of the MLR in the mouse, we used a headfixed preparation that allowed the subject to walk on a spherical treadmill (trackball) suspended by air ( Figure 1A ). All subsequent experiments were performed using this preparation unless stated otherwise. Five seconds of electrical stimulation at 20 Hz using a bipolar electrode placed near the PPTg elicited a transition from a stationary state to running (Figures 1B and  1C ; mean latency to movement onset, 1580 ± 165 ms), confirming the existence of the MLR. To determine the anatomical extent of the MLR, we systematically stimulated across multiple areas in the mesencephalon and histologically confirmed electrode placements that elicited locomotion with latencies of <2 s. These experiments confirmed that the MLR overlaps with the Cun, PPTg, and MRN ( Figure 1D ), consistent with other species (Ryczko and Dubuc, 2013) .
Bidirectional Modulation of MLR Neurons by the BG
The direct and indirect pathways of the BG exert opposing effects on locomotion (Bateup et al., 2010; Kravitz et al., 2010) . To determine how these pathways modulate activity in the MLR, we injected D1-Cre mice to activate dMSNs or A2a-Cre mice to activate iMSNs with an adeno-associated virus for Cre-dependent expression of channelrhodopsin (double-floxed inverted open reading frame [DIO]-ChR2) into the striatum. We then recorded from well isolated, single units in the MLR while stimulating ChR2-expressing neurons in the striatum ( Figures  1E and 1I ). Unilateral dMSN stimulation resulted in contraversive locomotion when initiated while the mouse was stationary (mean latency to movement onset, 565 ± 78 ms; Figure 1F ). Although a majority of MLR neurons increased their firing rate in response to dMSN stimulation, a large fraction was either unmodulated or inhibited (Figures 1F and 1G) . We continued to record these neurons after the stimulation session as the mice ran spontaneously on the trackball. Receiver operating characteristic (ROC) analysis revealed that neurons excited by dMSN stimulation were also significantly more predictive of the running state than the stationary state compared with dMSN-unmodulated or dMSNinhibited neurons ( Figure 1G ; p < 0.01, Kruskal-Wallis one-way ANOVA, c 2 2,39 = 15.96, with Dunn-Sidak post test). Conversely, 5 s of bilateral iMSN stimulation resulted in a transition from running to the stationary state (mean deceleration onset, 651 ± 34 ms) and inhibition of a majority of recorded units in the MLR (Figures 1I and 1J ). ROC analysis of spontaneous running revealed no relationship between iMSN modulation and prediction of the locomotor state ( Figure 1J ). These results demonstrate that the BG can modulate activity within the MLR, although the responses within the MLR are heterogeneous.
Functional Dissection of MLR Cell Types
To better understand the relationship between MLR cell types and locomotion, we next examined how optogenetic activation of each cell type affects locomotion. Glutamatergic or GABAergic neurons were transduced by injecting a Cre-inducible virus expressing ChR2-YFP into vGLUT2-Cre or vGAT-Cre mice ( Figures 2B and 2C ). Whole-cell recordings confirmed that infected neurons released either glutamate or GABA by blocking excitatory postsynaptic currents (EPSCs) or inhibitory postsynaptic currents (IPSCs), respectively, with antagonists ( Figures S1A-S1D ). Cholinergic neurons were labeled in transgenic mice expressing ChR2-YFP under the choline acetyltransferase promoter (Zhao et al., 2011 ; Figure 2A ). 10-ms light pulses delivered at 20 Hz to the glutamatergic population for 5 s elicited robust locomotion (Figures 2F and 2I) at significantly shorter latencies than electrical stimulation (mean movement onset, 211 ± 22 ms; p < 0.01; Wilcoxon rank-sum test). The speed reached at the end of stimulation was graded by stimulation frequency (Borgius et al., 2010; Lee et al., 2014) , a canonical feature of the MLR ( Figure 2K ). In contrast, stimulation of the GABAergic population during running caused deceleration (mean deceleration onset, 837 ± 99 ms; Figures 2H and S2F) but no change when the mouse was stationary at the beginning of stimulation (Figures 2E and 2J) . Choline acetyltransferase (ChAT) neuron stimulation resulted in a significant increase in speed during trials when the mouse was running but not when the mouse was stopped (Figures 2D, 2G, and 2J and S2F) . Therefore, ChAT neurons appear to modulate locomotion but are not sufficient to drive locomotion at short latencies. This modulation did not appear to result from co-release of glutamate or GABA because no EPSCs or IPSCs were observed in the MLR during light stimulation in slice ( Figure S1E ). eYFP controls showed no significant changes in locomotion ( Figures 2J and S2F) . Together, these results indicate that increased activity within the glutamatergic population alone is sufficient to drive locomotion.
MLR Glutamatergic Neurons Encode Locomotion
To understand how MLR glutamatergic neuron firing relates to locomotion, we injected vGLUT2-Cre mice with DIO-ChR2 in the MLR to optogenetically identify glutamatergic neurons and record their activity during spontaneous locomotion (Figure 3A) . Experiments began with an identification session in which 473-nm light was pulsed for 10 ms at 1-2 Hz while evoked single-unit activity was recorded. Well isolated single units that displayed increased firing within 5 ms of light onset and had spontaneous and light-evoked waveform correlations of >0.9 (Pearson's correlation coefficient) were considered glutamatergic ( Figures 3B-3D ). A locomotor session followed in which the same single-unit activity was recorded during spontaneous running ( Figure 3E ). A second identification session was run after the locomotor session to ensure that there was no drift. Neurons that were held for all three sessions (based on cluster analysis, see Experimental Procedures) and found to be inside the functional boundaries of the MLR were kept for analysis . To quantify how closely these neurons encode the running state, we performed ROC analysis on the firing rate and speed data. The firing rate of individual MLR glutamatergic neurons was highly predictive of the running state ( Figure 3F ). In contrast, unidentified neurons from a separate cohort of mice displayed significantly lower areas under the curve (AUCs), indicating functional heterogeneity among MLR neuronal subpopulations ( Figure 3F ). To further dissect this result, we tested the locomotor-predictive MLR glutamatergic neurons for correlations with speed using a linear regression model. This analysis yielded two distinct populations: one that predicts locomotor state alone and one that predicts state and correlates with speed ( Figure 3G ). We next tested whether the glutamatergic neuron firing rate was predictive of locomotor starts. Glutamatergic neurons as a population increased their firing rate prior to the onset of a spontaneous locomotor start ( Figure 3H ). However, in individual trials, spiking increase onset was highly variable, and an absolute threshold at which spiking would correlate with running onset was not observed ( Figure 3H, inset ). Therefore, we tested the prediction that spiking increases during the stationary state would result in an increased probability of running onset. Indeed, an increased firing rate during the stationary state was correlated with an increase in the probability of a start occurring within the next second ( Figure 3I ; Pearson's correlation coefficient; p < 0.01). This suggests that, at the individual level, glutamatergic neurons do not predict the timing of locomotion onset. Rather, these neurons contribute to an increased probability of locomotion that is read out from the population. These findings indicate that MLR glutamatergic activity is tightly linked with and predictive of an animal's locomotor state and speed.
MLR Glutamatergic Neurons Are Required for Spontaneous Locomotion
Because activity in MLR glutamatergic neurons is sufficient for locomotion and encodes locomotor state and speed, we next tested whether they are necessary for spontaneous running. Previous experiments examining inhibition of the MLR have reported mixed effects on locomotion, most likely because of the longterm and non-specific effects of pharmacological interventions (Saper et al., 1979; Sinnamon et al., 1987) . To specifically inhibit the glutamatergic population on a millisecond timescale, we expressed halorhodopsin (eNpHR3.0) under the calcium/calmodulin-dependent kinase IIa (CaMKIIa) promoter, which targets glutamatergic neurons in the MLR with high selectivity (Lee et al., 2014; Figures 4A and S3A and S3B) . Photo-inhibition of MLR glutamatergic neurons caused running animals to decelerate rapidly, often to a full stop (mean deceleration onset, 835 ± 103 ms; Figures 4B-4D ), whereas control animals showed only a gradual decrease in mean speed over time, consistent with a low baseline probability of spontaneous stopping. This result indicates that MLR glutamatergic neurons are necessary for spontaneous locomotion.
MLR GABAergic Neurons Suppress Activity in the MLR
Because activation of the MLR GABAergic population decreased locomotion, we next examined whether these neurons locally inhibited other MLR neurons. In MLR slices prepared from mice expressing ChR2-eYFP in GABAergic neurons, IPSCs and inhibition of spiking were observed during whole-cell recordings from ChR2-eYFP-negative cells in response to optogenetic stimulation ( Figures S1C-S1DD and S4A ). In vivo recordings during optogenetic stimulation of MLR GABA neurons demonstrated that the majority of non-light-sensitive neurons were inhibited for the duration of illumination ( Figures S4B-S4C ). Because activity in MLR glutamatergic neurons is required for running (Figure 4 ), deceleration and stopping because of optogenetic activation of GABAergic neurons is likely in part due to local inhibition of MLR glutamatergic neurons. However, in vivo recordings from optogenetically identified MLR GABA neurons during spontaneous locomotion revealed heterogeneous responses, indicating additional complexity in the composition and function of this subpopulation ( Figure S4D ).
Brain-wide Tracing of Monosynaptic Inputs to MLR Glutamatergic and GABAergic Neurons
We next tested the connection strength between the BG and the two MLR populations displaying the most robust effects on locomotion. In theory, BG-driven locomotion could be initiated by disinhibition of MLR glutamatergic neurons (Grillner et al., 2008; Hikosaka et al., 2000) or inhibition of GABAergic neurons. A difference in connection strength from the BG could discriminate between these possibilities. We used a cell-type-specific G-deleted rabies virus strategy to map neurons that directly target MLR glutamatergic or GABAergic neurons (Wall et al., 2013) . vGLUT2-Cre or vGAT-Cre mice were injected with an adeno-associated virus (AAV) encoding rabies virus glycoprotein (RG) and a separate virus encoding a Cre-inducible avian receptor (TVA-mCherry) in the MLR on day 1. Only Cre-expressing cells will express the avian tumor virus receptor A (TVA receptor), which is required for rabies transduction. On day 14, mice were injected in the same area with modified rabies virus. Nine days later, the mice were perfused, and the brains were processed ( Figure 5A ). Retrograde trans-synaptic labeling from MLR glutamatergic neurons revealed dense projections from several BG nuclei, whereas few, if any, projections targeted MLR GABAergic neurons ( Figures 5C-5F ). A brain-wide survey of long-range projections to these cell types revealed another strong projection to MLR glutamatergic neurons from the central amygdala and oval bed nucleus of the stria terminalis (ovBNST), GABAergic nuclei that could play a role in fear-and anxietyassociated behaviors such as freezing ( Figure 5F ; LeDoux, 2000) . Major MLR GABAergic targeting regions included the superior colliculus, dorsal raphe, laterodorsal tegmentum, and ovBNST. Together, these results suggest a specific role for MLR glutamatergic neurons in the control of locomotion by upstream targets and, notably, the BG.
Modulation of MLR Glutamatergic Neurons Is Required for Bidirectional Control of Locomotion by BG Circuitry
To test how the direct and indirect pathways specifically modulate the MLR glutamatergic population, we optogenetically identified MLR glutamatergic neurons and recorded their activity while simultaneously stimulating dMSNs or iMSNs in the striatum. We expressed ChR2 in dMSNs or iMSNs using Cre-dependent viruses injected into the striatum of D1-or A2A-Cre mice. In the same mice, we expressed ChR2 in MLR glutamatergic neurons for optogenetic identification using a virus expressing ChR2 under the CaMKIIa promoter ( Figures 6A and 6E ). Each experiment began with an identification session to find putative glutamatergic neurons based on the criteria listed previously. CaMKIIa-ChR2 had similar light responses as the vGLUT2-Cre::DIO-ChR2 strategy ( Figures S3C-S3D ). After MLR neuron identification, we stimulated striatal dMSNs or iMSNs (5 s of continuous light) while recording MLR glutamatergic neuron activity. This was followed by a second MLR neuron identification session. Fiber and electrode placements were confirmed post hoc ( Figures S5A-S5F ).
Unilateral dMSN stimulation significantly increased the firing rate in 25 of 26 identified MLR glutamatergic neurons ( Figure 6B ). In each case, the increase in firing rate preceded movement onset (mean latency to excitation, 176 ± 18 ms; Figures 6B and S5J-S5K). In contrast, bilateral iMSN stimulation delivered while the mouse was running significantly decreased the firing rate in 25 of 27 identified MLR glutamatergic neurons ( Figure 6F ). Deceleration was preceded by a decreases in firing rate in the majority of identified MLR glutamatergic neurons (mean latency to inhibition, 460 ± 48 ms; Figures 6F and S5H-S5I ). To better compare dMSN and iMSN stimulation latencies (Freeze et al., 2013; Oldenburg and Sabatini, 2015) we analyzed trials in which the mouse was stationary prior to iMSN stimulation. Latencies to inhibition were markedly shorter relative to running trials (latency to inhibition, 276 ± 30 ms; Figure S5G ) but still longer than excitation during dMSN stimulation. Finally, in contrast to data obtained from identified glutamatergic neurons, unidentified MLR neurons displayed significantly more heterogeneous responses to stimulation of either pathway ( Figures 6B and 6F) , indicating that more complex circuit dynamics are controlling the activity of other neuronal subpopulations in the MLR.
Given that MLR glutamatergic neurons are sufficient for locomotion, correlated with locomotion, and modulated by the BG, we next asked whether they are necessary for BG-driven locomotion. To investigate this, we expressed eNpHR3.0 in the MLR under the CaMKIIa promoter and ChR2 in dMSNs using a Cre-dependent virus injected into the striatum of D1-Cre mice ( Figures 6D and S5E-S5F ). Unilateral activation of dMSNs for 10 s elicited locomotion throughout the duration of the stimulation ( Figure 6D ). During interleaved trials, MLR glutamatergic neurons were optogenetically inhibited from 5-10 s after the onset of dMSN stimulation, which led to a striking decrease in running speed despite continued activation of dMSNs (Figure 6D) . As a control, we looked at 1,000 time points when the mouse had been stationary for the same amount of time as ''dMSN stim only'' and ''dMSN stim + MLR inhibition'' trials and found that this similar baseline resulted in a spontaneous speed trajectory that did not resemble either stimulation condition. No change in locomotion was observed in trials without MLR inhibition or when light was delivered to MLR glutamatergic neurons expressing only YFP. Qualitatively similar results were observed in freely moving mice ( Figure S6 ).
We then tested whether inhibition of MLR neurons was necessary for locomotor suppression observed with iMSN stimulation. In these experiments, we expressed ChR2 in the MLR under the CaMKIIa promoter and ChR2 in iMSNs using a Cre-dependent virus injected into the striatum of A2a-Cre mice . Bilateral activation of iMSNs for 10 s induced locomotor suppression throughout the duration of the stimulation ( Figure 6H ). This arrest was completely reversed by 20-Hz optical stimulation of MLR glutamatergic neurons delivered 5 s after the onset of the 10-s iMSN stimulation ( Figure 6H ). This reversal was not observed in eYFP controls. In addition, control trials with similar baselines but no stimulation of the iMSN or MLR glutamatergic neurons showed no changes in running speed. Taken together, these results demonstrate that bidirectional control of locomotion by basal ganglia circuitry requires modulation of MLR glutamatergic neurons.
DISCUSSION
Cell-Type-Specific Control of Locomotion by MLR Neurons Previous work has shown that the MLR has robust descending projections to the gigantocellular nucleus (Martinez-Gonzalez et al., 2014; Mitani et al., 1988; Rye et al., 1988) , also referred to as the ventromedial medulla (Sherman et al., 2015; Skinner et al., 1990) . In addition, MLR axons and terminals have been found in the pontine reticular formation (Takakusaki et al., 1996) and nucleus pontine oralis (Garcia-Rill et al., 2001 ). Collectively, these nuclei form the origin of reticulospinal tracts that project into the spinal cord and mediate various aspects of posture and movement. There may also be spinally projecting glutamatergic neurons within the boundaries of the MLR (Sherman et al., 2015) . Indeed, lesions of the major non-spinal targets of the MLR do not reduce the gross aspects of locomotor function (Noga et al., 1988; Sherman et al., 2015) , raising the possibility that the MLR acts as a comprehensive coordinator of locomotion.
Our optogenetic dissection of MLR cell types revealed that only the glutamatergic population was sufficient to elicit running at short latencies, consistent with the classical definition of the MLR (Grillner et al., 2008; Ryczko and Dubuc, 2013; Shik et al., 1966b) . This is in agreement with a recent study showing that cells targeted with a CaMKIIa-ChR2 virus in the MLR could elicit running (Lee et al., 2014 ) and consistent with current hypotheses about brainstem locomotor control (Grillner et al., 2005; Sherman et al., 2015) . In spite of previous experiments that were unable to stop locomotion via pharmacologic inhibition or lesion of the MLR (Saper et al., 1979; Sinnamon et al., 1987) , rapid optogenetic suppression of the MLR glutamatergic population revealed that these neurons are indeed necessary for locomotion.
In contrast to glutamatergic neurons, the MLR GABAergic population caused cessation of locomotion. Although this population encoded both running and stationary states ( Figure S4 ), the deceleration and stopping observed during stimulation could be in part due to local inhibition of the MLR glutamatergic population. However, inhibition of downstream targets is also a possibility. MLR GABA neurons received dense input from limbic centers (amygdala, periaqueductal gray [PAG] and BNST), suggesting that they could be involved in fear-related behavior. GABAergic neurons in neighboring regions have also been shown to suppress locomotion (Giber et al., 2015; Shang et al., 2015) , suggesting that GABAergic cells at this level of the mesencephalon share similar functions.
Finally, stimulation of the MLR cholinergic population demonstrated that, although these neurons can modulate locomotion, they are insufficient to initiate it with short latency. This population has been hypothesized previously to control locomotion (Skinner et al., 1990) . PPTg cholinergic neurons send projections to the ventromedial medulla, depolarizing glutamatergic cells that, in turn, project to reticulospinal neurons (Brudzynski et al., 1988; Mamiya et al., 2005; Smetana et al., 2010) . However, other work has shown that these neurons play a major role in gating the brain state as part of the ascending reticular activating system (Mena-Segovia et al., 2008; Van Dort et al., 2015) . Because locomotion and brain state are clearly linked (Lee et al., 2014; Niell and Stryker, 2010) , the time course of behavioral changes is critical to consider.
Non-canonical Projections from the BG and Other Nuclei
The BG interface strongly with the MLR, making reciprocal connections from most of its nuclei (Martinez-Gonzalez et al., 2011; Mena-Segovia et al., 2004) . Our rabies tracing showed that it is the glutamatergic population-and not the GABAergic population-that is the primary target of these BG connections. In addition, our tracing highlighted a number of non-canonical pathways to the MLR from the BG (entopeduncular nucleus [EP] , external globus pallidus [GPe] , subthalamic nucleus [STN] ) to MLR glutamatergic neurons. The STN projection is of interest because it is predicted to arrive in the MLR prior to the classical indirect pathway signal through the SNr, and it should drive activity in the opposite direction. Indeed, a small minority of cells displayed a small uptick in firing rate prior to inhibition ( Figure 6F) , consistent with the idea that this pathway modulates MLR activity, perhaps as a brief arousal signal prior to suppression of locomotion.
Striatal neurons also send projections directly to MLR glutamate neurons. Interestingly, the PPTg, one of the MLR nuclei, also sends projections back to the striatum (Wall et al., 2013) thus forming a reciprocal connection. As iMSNs do not project past the GPe, it is most likely the dMSN population that sends axons to the MLR. As this connection is GABAergic, these cells may form synapses onto the small number of glutamatergic neurons that fire most during the stationary state. dMSNs in the DMS could therefore coordinate the initiation of locomotion by directly inhibiting these cells.
Comparison with Other BG Targets
The BG output nuclei also project to the thalamus and superior colliculus (SC) (Bosch-Bouju et al., 2013; Hikosaka et al., 2000) , enabling broad control of cortical and brainstem circuitry. Recent work has shown that direct and indirect pathway stimulation increases and decreases firing rates in the motor cortex, respectively, along with increasing and decreasing lever press frequency in an operant task (Oldenburg and Sabatini, 2015) . However, the principles underlying BG control of the thalamus and cortex remain largely mysterious (Bosch-Bouju et al., 2013; Goldberg et al., 2013) . In contrast, BG have long been proposed to act as a ''gate'' for motor behaviors originating from the SC, such as turning and saccades (Girard and Berthoz, 2005; Hikosaka et al., 2000) , because the SNr is known to exert tonic inhibitory control over the SC (Chevalier et al., 1984) . To initiate an orienting movement, SNr inhibition to the contralateral SC is released, allowing input from the cortex to excite SC neurons, which, in turn, drive the action (Hikosaka and Wurtz, 1983) . The SC is topographically organized by the visual field (Schiller and Stryker, 1972) , as are SNr inputs (Hikosaka and Wurtz, 1983) . Because of this association, BG have been hypothesized to play a role in deciding important targets for orienting (Hikosaka et al., 2006) . Between this SC-mediated orienting and MLRmediated running, these brainstem BG targets are fully capable of defining locomotor trajectories, consistent with decortication studies (Bjursten et al., 1976) . In addition, our rabies result demonstrates that the SC connects directly with the MLR, consistent with previous studies (Martinez-Gonzalez et al., 2011; Perkins et al., 2014; Redgrave et al., 1987) , providing another connection through which BG-brainstem connections could exert navigational control.
BG Pathway-Specific Selection and Suppression of Action Our cell-type-specific recordings from the MLR during iMSN and dMSN stimulation reveal a remarkable degree of homogeneity in the glutamatergic population response. The majority of responses preceded changes in locomotion, suggesting that they were causally related to behavior. In support of this, inhibition of the glutamatergic population during dMSN-induced locomotion caused the mouse to stop running. Although the functional responses observed in the SNr in response to striatal stimulation are complex (Freeze et al., 2013) , the signal becomes surprisingly uniform at the level of the MLR glutamatergic population. Together with the rabies results, this indicates a highly specific connection between BG and locomotor-encoding MLR neurons.
Given its ability to drive a robust behavioral output, the MLR represents an ideal system for understanding the BG role in action selection. Classical models of BG suggest that movement occurs when the direct pathway is active and cessation of movement occurs with indirect pathway activation. However, both pathways appear to be co-active during normal movement (Cui et al., 2013) . One possibility is that different information is encoded in the direct and indirect pathway circuits, which, together, form the basis for action selection. For example, indirect pathway activity could encode information about competing behavioral choices. Our data suggest that the balance of activity between the direct and indirect pathways is represented in the firing rate of glutamatergic MLR neurons, which is predictive of the initiation of running and sufficient to drive graded locomotion. Further experiments can help clarify the validity of this model for the MLR and other BG output structures.
EXPERIMENTAL PROCEDURES
Subjects 86 adult transgenic or wild-type mice on a C57BL/6 background aged 50-100 days were used in the experiments. vGLUT2-Cre (The Jackson Laboratory, stock no. 016963), vGAT-Cre (The Jackson Laboratory, stock no. 016962), ChAT-ChR2 (The Jackson Laboratory, stock no. 014546), and wildtype C57BL/6 (The Jackson Laboratory, stock no. 000664) mice were used for optogenetic stimulation, inhibition, or recording experiments. vGLUT2-Cre and vGAT-Cre mice were used for rabies tracing experiments. D1-Cre mice (GENSAT, catalog no. 030778-UCD) were used for dMSN stimulation while recording responses from identified glutamatergic neurons or inhibiting the MLR. A2a-Cre mice (GENSAT, catalog no. 031168-UCD) were used for iMSN stimulation while recording identified responses from identified glutamatergic neurons or stimulating the MLR. vGLUT2-Cre mice crossed into an Ai14 line (The Jackson Laboratory, stock no. 007914) were used for confirmation of CAMKIIa expression in vGLUT2-expressing neurons. All procedures were in accordance with protocols approved by the University of California, San Francisco Institutional Animal Care and Use Committee.
Surgery
For dMSN or iMSN activation, AAV5-EF1a-DIO-ChR2-eYFP (University of Pennsylvania) was injected into the dorsomedial striatum at (0.8 mm anterior/posterior axis [AP]/À2.5 dorsal/ventral axis [DV]/± 1.5 medial/lateral axis [ML] ) measured from the bregma. For activation of cells in the MLR, AAV5-EF1a-DIO-ChR2-eYFP or AAV5-CAMKIIa-ChR2-eYFP (for glutamatergic neurons) was injected at (À0.8 mm AP/À3.6 DV/± 1.2 ML), measured from the lambda. Where appropriate, fiberoptic ferrules were implanted 0.5 mm above the injection sites. The virus was allowed to express for 2-6 weeks, after which the mice were implanted with a custom-built stainless steel headbar for head fixation. 7-10 days later, the mice were habituated to the trackball until able to run normally, at which point recordings took place.
Recording and Optogenetics
Extracellular recordings were performed using a Plexon data acquisition system (Plexon). A blue laser (473 nm, 100 mW, OEM) was triggered through a transistor-transistor logic [TTL] pulse generator (PulseBlaster, SpinCore Technologies). Trackball velocity was monitored via two optical handheld pointing devices (computer mice) that were connected to the recording computer.
Custom MATLAB (MathWorks) data acquisition software was used to transform optical mouse data packets into speed and time data.
Data Analyses
Data analyses were carried out using built-in (NeuroExplorer, Plexon) and custom-built software in MATLAB (MathWorks). Single units were sorted into clusters using commercially available software (Plexon Offline Sorter 2.4, Plexon). See the Supplemental Experimental Procedures for further details.
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